C years are simulated in the polar oceans. Our simulation results can be used as first-order approximation of the MRA variability in future radiocarbon calibration efforts.
Introduction
A critical problem in radiocarbon ( 14 C) dating is the variability of the atmospheric 14 C record. Within the most recent 14 C calibration effort, IntCal13 [Reimer et al., 2013] , however, underlying samples older than 13,900
calibrated years before present (13.9 kcal B.P.) are not based on the very precise, continuous tree ring record but on other archives-marine and lacustrine sediments, corals, and speleothems-which contain specific higher uncertainties [Reimer et al., 2013] . Prior to this date, the 14 C calibration largely relies on marine records.
However, marine 14 C reservoirs are systematically depleted with respect to the atmosphere because the primary source of 14 C is cosmogenic production in the upper atmosphere. Subsequent processes, such as isotopic air-sea exchange, oceanic mixing, and radioactive decay, all affect the 14 C concentrations in the different reservoirs. The isotopic depletion of surface water with respect to the atmosphere is frequently expressed in terms of the Marine Reservoir Age (MRA), i.e., the 14 C age of dissolved inorganic carbon in seawater with respect to the atmosphere. Nowadays, MRAs range from about 400 years in subtropical oceans to more than 1000 years in polar seas [Key et al., 2004] . There is scattered evidence of regionally elevated MRAs in the past [for recent studies cf. Austin et al., 2011; Thornalley et al., 2011; Bronk Ramsey et al., 2012; Southon et al., 2012; Stern and Lisiecki, 2013; de la Fuente et al., 2015; Sarnthein et al., 2015; Thornalley et al., 2015; Balmer et al., 2016; Sikes and Guilderson, 2016; Skinner et al., 2017] , but overall, the global MRA history prior to the Holocene is poorly constrained. Therefore, MRA variability has been left aside in most radiocarbon calibration efforts [Reimer et al., 2013] . Three-dimensional (3-D) ocean modeling may help to constrain past MRAs, but the long 14 C equilibration time of several thousands of years precludes model configurations with high resolution, and coarse resolution models have mostly focused on time slices or shorter periods [Butzin et al., 2005; Ritz et al., 2008; Singarayer et al., 2008; Butzin et al., 2012; Galbraith et al., 2015] , except for one long-term study [Franke et al., 2008] not including the full glacial-interglacial variability of air-sea 14 CO 2 fluxes.
Here we present a continuous, simulated history of spatiotemporally variable MRAs covering the past 50,000 years. The results were derived from 3-D ocean model calculations. After comparing our simulations with observations of past surface water concentration ratios (Δ 14 C), we discuss the spatiotemporal evolution of past MRAs and potential implications.
Methods
We apply an enhanced version of the Hamburg LSG ocean general circulation model ([Maier-Reimer et al., 1993] , subsequent enhancements include a bottom-boundary layer [Lohmann, 1998] [Lohmann and Lorenz, 2000; Prange et al., 2004] . The temperature boundary condition is formulated as a scale dependent restoring mimicking an atmospheric energy balance model [Prange et al., 2003] .
To capture the range of climate variability during the past 50,000 years, we consider three background scenarios which are discussed in detail elsewhere [Butzin et al., 2005; Hesse et al., 2011; Butzin et al., 2012] . To summarize, one scenario (PD) employs present-day climate background to represent the Holocene and interstadials. The other scenarios utilize boundary conditions derived for the Last Glacial Maximum (LGM). Glacial scenario GS is based on the Glacial Atlantic Ocean Mapping 2000 reconstruction [Sarnthein et al., 2003, and references therein; Paul and Schäfer-Neth, 2003 ]. The second glacial climate scenario (CS) is based on the Climate: Long-Range Investigation, Mapping, and Prediction reconstruction [CLIMAP Project Members, 1981] with additional tropical cooling [Lohmann and Lorenz, 2000] . In both glacial scenarios the freshwater balance in the Southern Ocean has been modified to mimic enhanced sea ice export, leading to intensified formation of deep and bottom waters in the Southern Ocean while deep water formation in the North Atlantic shoals and weakens [Butzin et al., 2005] . In scenario GS the meridional overturning circulation (MOC) decreases by about 30% compared to PD. Scenario CS features MOC weakening by 60% and thermohaline properties characteristic of Heinrich stadials [Sarnthein et al., 1994] .
Radiocarbon is simulated as Δ 14 C (i.e., the normalized 14 C/ 12 C ratio in seawater corrected for isotopic fractionation) similar to Toggweiler et al. [1989] . We do not prescribe temporal changes in 14 C production rates, as done in other approaches [e.g., Köhler et al., 2006] , but derive marine Δ 14 C directly from atmospheric Δ 14 C [Reimer et al., 2013] . For this effort we calculate air-sea exchange fluxes of Δ 14 C following Sweeney et al.
[2007], considering wind speed data from our atmospheric forcing fields, transient partial pressures of atmospheric carbon dioxide (pCO 2 ; based on mixing ratios by Bereiter et al. [2015] ), and persistent concentrations of dissolved inorganic carbon in the mixed layer by Hesse et al. [2011] . Marine reservoir ages (in 14 C years) are calculated a posteriori as
where Δ 14 C atm and Δ 14 C mar are the Δ 14 C values in atmosphere and ocean, and λ À1 = 8033 years is the conventional decay constant of 14 C. Our simulations agree with prebomb and glacial observations of marine Butzin et al., 2005; Butzin et al., 2012] . Moreover, Hesse et al. [2011] have shown that the circulation fields resulting from forcing scenarios GS and CS are also in line with stable carbon isotope (δ 13 C) measurements in the glacial Atlantic.
Our model runs start from quasi steady state conditions typical for 50 kcal B.P., which were obtained in spinup integrations (over 20,000 years) using fixed atmospheric background values of Δ 14 C = 300‰ [Reimer et al., 2013] and pCO 2 = 200 μatm [Bereiter et al., 2015] . The transient simulations are run forward in time forced with atmospheric Δ 14 C provided by IntCal13 [Reimer et al., 2013] and pCO 2 according to ice core reconstructions [Bereiter et al., 2015] (time series are shown in the supporting information, Figure S1 ). For the period 50-11.5 kcal B.P. we consider all three scenarios: PD, GS, and CS. For times more recent than 11.5 kcal B.P. we only consider model results for scenario PD. Cariaco Basin record will be discussed below.
Large-Scale Evolution of Marine Reservoir Ages
Marine reservoir ages are frequently reconstructed from planktonic foraminifera, typically dwelling in the upper 300 m of the oceans with species-specific preferences in habitat depth. To explore the effect of [Burr et al., 1998; Cutler et al., 2004; Fairbanks et al., 2005] , (b) Barbados (13.1°N, 59.3°W) [Bard et al., 1990 [Bard et al., , 1998 Fairbanks et al., 2005] , (c) Cariaco Basin (10.7°N, 65.2°W) [Hughen et al., 2000; Hughen et al., 2006; Heaton et al., 2013] , (d) Iberian Margin (37.8°N, 10.2°E) , (e) Pakistan Margin (24.8°N, 64.0°E) , (f) Tahiti (17.5°S, 149.6°W) [Bard et al., 2004; Durand et al., 2013] . Simulation results span upper and lower bounds and are evaluated at the grid points nearest to the reconstructions at the first model layer (depth range 0-50 m). Error bars of the data points indicate the reconstruction uncertainty (1σ). Reconstructions were obtained from the IntCal13 database (http://calib.org/intcal13/, accessed on 9 September 2016). 
Geophysical Research Letters

10.1002/2017GL074688
At all times and at both depths, our simulations display the lowest MRAs in the subtropics and the highest MRAs in polar regions where sea-ice inhibits the uptake of 14 CO 2 (Figures 3a and 3c) . The inhibition through sea ice decreases in the subsurface layer where the isotopic depletion is replenished through lateral mixing (Figures 3b and 3d ). This implies that the meridional MRA variation weakens with depth from about 1200 14 C years to 500 14 C years at the LGM and from about 1800 14 C years to 900 14 C years at 42 kcal B.P.
(not shown). Our model results for the LGM are in line with MRA estimates adopted by Skinner et al. There is no global reconstruction of pelagic MRAs prior to 25 kcal B.P., but there is an area-covering reconstruction of MRAs in the northern North Atlantic extending to 41 kcal B.P. by Stern and Lisiecki [2013] . Averaged over their sampling area (about 40°N-65°N, 10°W-50°W) our simulation results show considerably less temporal variability than reconstructed, and our simulated MRAs are at the upper range of reconstructed values for times prior to the LGM (Figure 4) . The reconstruction by Stern and Lisiecki [2013] involves invariant MRAs at low latitudes, disregarding the influence of past pCO 2 variations. We presume that this factor could incline their results toward our findings. The muted temporal variability of our simulation results reflects the smoothness of the atmospheric Δ 14 C input curve. To account for unquantified errors, this curve was constructed in a way largely removing the centennial-and millennial-scale fluctuations seen in many individual 14 C records [Reimer et al., 2013] . However, as the observational uncertainties prior to the tree ring period can become too large to separate real 14 C variations from random fluctuations, it is not clear to what extent the differences in temporal variability can be attributed to uncertainties of the input curve.
Revisiting the Cariaco Basin 14 C Record
The longest continuous marine 14 C record has been sampled in the Cariaco Basin (10.7°N, 65.2°W [Hughen et al., 2000; Hughen et al., 2006] C years prior to the Holocene ( Figure 5 ). The use of a constant global MRA in IntCal13 could be corrected by an iterative calculation scheme [Butzin et al., 2012] Heaton et al. [2013] ), the amplitude of near-site MRA variations increases to 300-1400 14 C years ( Figure 5 ). The differences of these readjusted simulations to our original (not adjusted) simulation results are small until 27 kcal B.P. except for Heinrich Stadial 1 (HS1). Note that the Cariaco Basin record during 16.0-17.5 kcal B.P. was excluded from the IntCal13 data set because of potential local reservoir age changes [Reimer et al., 2013] .
Water exchange between the Cariaco Basin and the Atlantic is restricted by a shallow sill with a depth of about 140 m nowadays, and less than 30 m during the LGM [Peterson et al., 1991] . Therefore, the Cariaco Basin should be decoupled from the global deepwater 14 C reservoir and its memory effects discussed above.
As the small-scale bathymetry of the Cariaco Basin is not resolved in our model due to its coarse resolution, the MRA fluctuations seen in our simulations may be biased through too much mixing with North Atlantic Deep Water or Glacial North Atlantic Intermediate Water.
Conclusions
Our simulation results are broadly in line with available marine 14 C reconstructions since before the LGM. This agreement suggests that our simulations are able to capture the general evolution of past MRAs, at least for the past 25,000 years. Moreover, our model calculations reveal considerable spatial and temporal MRA variations during the past 50,000 years. The evolution of open-ocean MRAs may have been influenced by leads and lags between atmospheric 14 C production and radioactive decay in the interior of the oceans. To some extent, such memory effects reflect the intensity of vertical mixing, something that is still debated in (paleo) oceanographic research (see Jayne et al. [2004] for an overview). This issue deserves further efforts combining simulations and reconstructions, all the more, as uncertainties in reconstructions are large for times prior to about 30 kcal B.P. The simulated open-ocean MRA variability is poorly constrained through reconstructions. Surface water 14 C paleorecords typically originate from continental margins, marginal seas, or tropical lagoons which are not properly resolved by coarse-resolution ocean models and may result in regional model biases. The resolution problem could be overcome by the next generation of 14 C-equipped ocean circulation models, either through nesting approaches or by means of global multiresolution models with unstructured meshes [e.g., Danilov et al., 2017] . 
